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Tethered particle motion is a powerful technique to study the dynamics and mechanics 
of macromolecules, e.g. Deoxyribonucleic acid (DNA). It involves the analysis of 
Brownian motion of a particle (bead) tethered to a surface by a DNA molecule. In this 
work we describe the method to construct the system of a magnetic bead tethered to 
polystyrene surface by a DNA linker molecule. As tether we used a double helix DNA 
chain which is cut from a DNA plasmid form (circular shape) and provided with two 
different specific groups to connect the beads and the polystyrene surface 
respectively. Using magnetic tweezers we submit 500 nm diameter superparamagnetic 
beads to different magnetic forces and record the Brownian motion of the beads. 
Using an in-house made Matlab™ script we were able to track the 2 dimensional 
bead’s movement in order to study the influence of the magnetic force on the 
Brownian motion, with emphasis to the maximum mean radius of the bead’s 
excursion. We determined the mean radial displacement by calculating the 2-
dimensional mean square displacement and fitting it with a modified relation from the 
work of Kusumi et al [1]. describing restricted diffusion. These results were verified by 
comparing them to the probability distribution function of the bead displacement 
plots. The observed results shown that the radial distance of the project center of the 
bead has a dependency of         with the magnetic force and the DNA spring 
constant depends linearly of the applied force. This results allows us to draw 
conclusions about the quality of the different methods used for the sample 
preparation and data analysis.  
  Keywords: TPM, SPT, superparamagnetic bead, Brownian motion, magnetic tweezers    
 
O movimento de partículas ancoradas é uma técnica usada para o estudo da dinâmica 
e mecânica de macromoléculas, que involve a análise do movimento Browniano de 
uma microesfera superparamagnética ancorada a uma superfíce por um fragmento de 
ADN. Neste trabalho descrevemos um método simples para construir uma âncora de 
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ADN, que inclui a funcionalização da superfíce do poliestereno e das próprias 
microesferas, com uma proteína. O fragmento de ADN usado é composto por uma 
dupla hélice e possui dois grupos específicos diferentes nas suas extremidades um 
para se ligar à superfície e outro para se ligar às microesferas. Usando “pinças 
magnéticas” submeteram-se as microesferas superparamagnéticas, de diâmetro da 
ordem de 500 nm, a diferentes forças  registando o respectivo movimento Browniano 
a duas dimensões. Usando um algoritmo escrito em Matlab™ foi possível determinar 
as coordenadas xy do movimento centro das esferas de modo a estudar a influência da 
força magnética sobre as microesferas , em particular a influência da força magnética 
sobre o raio máximo dos movimentos. Para tal, a partir das tabelas xy, determinou-se 
o raio máximo médio e o coeficiente de difusão calculando a média quadrática das 
deslocações, ajustando este cálculo a uma relação modificada do trabalho de Kusumi 
et al [1], em regime de difusão restrita. Um dos  parâmetros determinados neste 
ajuste, o raio máximo médio do movimento, foi comparado com o deslocamento 
máximo na função de distribuição de probabilidade dos deslocamentos das 
microesferas permitindo aferir sobre o método de ajuste utlizado. Os resultados 
obtidos verificam a variação do raio de excursão com a  força magnética estão de 
acordo com a teoria e permitem concluir sobre a qualidade dos diferentes métodos 
experimentais adoptados. 
 Keywords: TPM, SPT, microesferas superparamagnéticas, movimento Browniano, 






Os biosensores são dispositivos analítitcos que convertem uma resposta 
biológica num sinal eléctrico [2] sendo utilizados para detectar pequenas quantidades 
de uma determinada substância ou composto que se encontra em meios líquidos ou 
gasosos que incluem uma componente biológico. Os biosensores padrão são 
compostos pela combinação de três partes principais, o elemento biológico, o 
transdutor e o processador de sinal (o nome biosensor deriva do elemento biológico 
que cobre o sensor do dispositivo). O elemento biológico é o sensor dos dispositivos, a 
parte responsável pela detecção do elemento biológico. O elemento biológico é a 
chave para a detecção podendo ser um anticorpo, um ácido nucleico (ácido 
desoxirribonucleico (ADN) ou ácido ribonucleico (ARN)) ou  enzima, e deve reagir 
especificamente com a espécie que se pretende detectar. O transdutor é a parte 
responsável pela interpretação da interacção da espécie que se pretende detectar com 
o bioelemento, convertendo-a num sinal eléctrico ou óptico de modo a ser analisado 
pelo processador de sinal electrónico, que processa a informação e a apresenta de 
forma a ser facilmente interpretada pelo utilizador (sob a forma de escala numérica ou 
outra).                                                                                                           
Em diagnóstico médico os biosensores são usados para obter informação sobre o 
estado de saúde do paciente através da análise dos constituintes de fluidos corporais 
tais como sangue, urina ou saliva. Um exemplo é o medidor de glucose. Os métodos 
mais usados são baseados na detecção de sinais ópticos e eléctricos. No entanto estes 
métodos têm uma sensibilidade limitada sendo inviáveis quando se pretende detectar 
moléculas cuja concentração é da ordem do nano-molar. Um desenvolvimento recente 
no campo dos biosensores  é a utilização de sensores nanométricos como micro-
esferas superparamagnéticas. Um campo de investigação onde são utilizadas prende-
se com o estudo das energias de dissociação a nível molecular, por exemplo entre um 
anticorpo e uma proteína. No entanto, o uso de micro-esferas como 
“sonda” impossibilita que as macromoléculas atinjam a sua energia mínima de ligação, 
devido ao acoplamento da micro-esfera (factor de espaço). Assim, em vez de se 
colocar a microesfera directamente na superfíce da molécula, usa-se uma cadeia de 
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ADN ligada entre a molécula e a microesfera tornando possível a determinação da 
energia mínima de ligação do complexo molecular. Na presença de um campo 
magnético, as micro-esferas ficam magnetizadas possibilitando a sua manipulação 
permitindo aplicar uma força ao complexo que se pretende estudar.   
O movimento de partículas ancoradas (“Tethered Particle Motion”) é uma 
técnica laboratorial que tem vindo a ser aplicada numa larga gama de experiências. A 
ideia é conectar uma das extremidades de uma macromolécula ou proteína, a uma 
superfície (por exemplo uma lâmina de miscroscópio) e a outra extremidade a uma 
micro-esfera, que se move livremente. A partícula (“bead”) quando imersa num meio 
líquido descreve movimentos aleatórios (movimento Browniano). Este movimento que 
é aleatório e incessante depende somente do tamanho da partícula e 
das características do fluido na ausência de forças externas, sendo a distância máxima 
que a partícula atinge relativamente ao ponto de ancoragem restringido pelo 
comprimento da macromolécula. No entanto se uma força externa actuar sobre a 
partícula na direcção ortogonal à superfície, este movimento deixa de depender 
exclusivamente do comprimento da macromolécula passando a depender da relação 
entre a força que actua na partícula, o comprimento da molécula e a energia térmica 
do fluido. O objectivo deste trabalho foi estudar o movimento descrito por micro-
esferas acopladas a uma dupla cadeia de ADN de forma a obter informação sobre as 
características da molécula de ADN, nomeadamente o seu comprimento e a constante 
elástica.   
O ADN circular usado é cortado de modo a criar duas extremidades distintas. Estas 
extremidades distintas impossibilitam que durante a adição dos grupos funcionais e 
respectiva ligação, haja a recombinação das mesmas impossibilitando  assim o seu uso 
como “âncora”. Este processo garante-nos que no final do processo cada “âncora” de 
ADN fica com diferentes grupo funcionais nas extremidades. O processo de adição dos 
“linkers” (pedaços de ADN com poucas dezenas de nucleótidos e com um grupo 
funcional) é realizado com recurso à enzima ligase que irá juntar as 
extremidades complementares do ADN e do “linker” respectivo. O comprimento da 
âncora é confirmado recorrendo ao uso da eletroforese que verifica igualmente a 
qualidade do corte e a existência de ADN em solução. A micro-esfera 
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é funcionalizada com estreptavidina a qual se irá ligar com a Biotina presente numa 
das extremidades do ADN. A presença  de estreptavidina na superfície das esferas é 
verificada pela técnica “Enzyme-linked immunosorbent assay” (ELISA) usando o 
método de luminescência. A superfície de poliestireno é oxidada e interage, com o 
grupo amino do linker (Adapter EcoRI)  dando origem a uma ligação COOH.   
O movimento das micro esferas é registado usando uma câmara de alta velocidade (a 
uma taxa de 30 imagens por segundo) que se encontra acoplada a um microscópio 
com uma amplificação de 1260x. Quanto se pretende adquirir dados em campo 
magnético nulo, a câmara é controlada pelo computador e quando existe campo 
magnético aplicado, é  controlada externamente pelo gerador de sinais que também 
controla o electroíman permitindo que o registo do movimento das microesferas seja 
iniciado com no mesmo instante que o campo magnético é aplicado. A célula (que 
contém as micro esferas ancoradas) é colocada sobre o electroíman, centrada com o 
campo de observação do microscópio e com o eixo vertical central do electroíman. 
Este procedimento tem a vantagem de aproveitar a reflexão de luz na superfície do 
electroímam, aumentando desta forma a quantidade de luz que incide na câmara 
melhorando o contraste entre as microesferas e o fundo.  
O caminho descrito pelas micro-esferas é determinado à posteriori por intermédio de 
um script escrito em  Matlab™ , que analisa o movimento da micro-esfera e a sua 
excursão nos eixos x e y durante o tempo de aquisição. O movimento das nano esferas 
é analisado segundo diferentes parâmetros. A análise do vídeo inicial é realizada 
segundo as características da excursão tais como a sua  dimensão e forma. Micro-
esferas cujas excursões tenham menos de um a dois pixeis (respectivamente 96 a 
192 nm) de diâmetro são descartadas de análise posterior assim como as excursões    
que sejam assimétricas entre os dois eixos ou que possuam lacunas (espaços nos quais 
não foi registada a presença da nanoesfera) no interior da excursão .   
Após a selecção das nano-esferas  o raio médio máximo das excursões é determinado  
calculando o deslocamento quadrático médio a partir da tabela de posições    de cada 
microesfera em cada regime, recorrendo, para tal, a um “script” escrito em Matlab™ 
escrito para o efeito. A expressão de Kusumi et al [1], para movimento  Browniano 
restrito, é usada para o ajuste dos gráficos obtidos a partir do qual é possível obter o 
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raio máximo médio e a constante de difusão das esferas. Verificou-se que, o raio 
máximo das excursões das nano-esferas é inversamente proporcional à raiz quadrada 
da força magnética e directamente proporcional à raiz quadrada do comprimento do 
ADN, não sendo possível encontrar nenhum caso com um raio de excursão igual ao 
comprimento do ADN.  
Aplicando um método probabilístico foi possível determinar a distância radial 
das microesferas  verificando-se a relação entre o deslocamento radial da microesferas 
com força magnética já encontrada no caso acima descrito. Este método permitiu 
ainda a determinar dependência da constante elástica do ADN com a força magnética. 
Tendo-se verificado que a constante elástica do ADN varia linearmente com a força 
magnética aplicada. 
Os resultados obtidos confirmam a variação dos parâmetros em estudo com a força 
magnética esperada de acordo com a teoria e permitem concluir sobre a qualidade da 
preparação e metodologia utilizada na preparação das micro-esferas, do ADN como 
âncora funcional,  assim como dos métodos e parâmetros experimentais e de análise 
utilizados. Esta metodogia possibilita ainda fazer distinção qualitativa e quantitativa 
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 Biosensors are analytical devices which convert a biological response into an 
electrical signal [2] been used among other things, to detect substances or compounds 
in a biological solution, e.g. blood or saliva. The standard biosensors combine three 
major parts: a biological sensing element, a transducer and the 
electronics or the signal processors. The biological element is the 
sensing part of the biosensor. It is the key for the specific 
detection of the biological compound of interest (analyte). It can 
either be an antibody, a nucleic acid  (DNA or RNA) or an 
enzyme. The transducer converts the interaction of the analyte 
with the bioelement into an electrical or optical signal which can 
be easily measured and quantified. The signal processor 
analyzes the signal and displays the result of the measurement 
in a user-friendly way. The myriad of applications, such as 
medical diagnostics, environmental and food control, justify the 
research effort to come to the design of faster and more 
sensitive technologies, preferably also cheaper and with less 
human intervention[3].   
 In medical diagnostics, biosensors are used to obtain information about the 
health status of an individual through biochemical analysis of body fluids such as 
blood, urine and saliva. An example of such an application is the glucose meter for 
diabetics (see Figure 1.1). Nowadays, the commonly methods for detection are based 
on optical or electric detection. The drawback of these technologies, although they are 
perfectly usable in their specific application, is that the sensitivity is limited. In the field 
of medical diagnostics there is a strong demand for technologies that are able to 
detect substances specifically at very low concentrations. For example the cardiac 
Figure 1-1 Example 
of a biosensor- 
Glucose meter- used 
to determinate the 
concentration of 
glucose in the 







biomarker troponin is present in blood at the sub-nanomolar level, which is six orders 
of magnitude lower than for example glucose. A relatively new development in 
biosensor technology is the use of superparamagnetic beads to manipulate systems at 
the nanoscale. In the presence of an external magnetic field the beads are magnetized 
and magnetic manipulation of these beads becomes possible. The magnetic beads 
serve several goals; first as label for the detection of a specifically formed biological 
bond. Furthermore, non-specifically bound beads can be removed by applying a small 
magnetic force and thus greatly enhancing the specificity of the biological assay. 
Beads bound to a biomolecular complex can be used to exert a force on this biological 
system; such a magnetic tweezer can be used to study biomolecular interactions. Over 
the last decades many experimental techniques which allow the manipulation and 
sensing of a single biological molecules have been study and developed. This study 
focuses on the use of magnetic tweezers to obtain information from biomolecular 
complexes. A bead bound to a surface through a biomolecule will exhibit limited 
Brownian motion (tethered particle motion), the magnetic properties of the bead 
allows the application of force evoking changes in the biomolecule and the motion of 
the particle. Studying the motion of the bound particle at different applied forces can 
give insight in the properties of the biomolecule. In the next two paragraphs the main 
idea behind tethered particle motion and magnetic tweezers will be described. 
 
1.2. Tethered particle motion 
 
 The main idea of tethered particle motion (TPM) experiments is to anchor a 
macromolecule (a DNA fragment or other biopolymer) or protein, on one end to a 
surface while the other extremity is attached to a micron sized sphere (bead)  that can 
move freely (see Figure 1.2). The movement of the bead depends on the length and 
stiffness of the tethering molecule and can be recorded using a microscope and a high 
frame rate camera. 
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 The analysis of the bead’s motion, a 
method called single-particle tracking, 
yields to an insight of the behavior of a 
single molecule and its interaction with its 
surroundings, other bio-molecules or an 
externally applied force. The potential of 
this technique has been demonstrated in 
several publications since it was 
introduced by Schafer et al. in 1991, [4] to 
measure transcription elongation rates of 
a single Ribonucleic acid (RNA) polymerase along a Deoxyribonucleic acid (DNA) 
molecule. Later Pöuget et al [5], uses this technique as diagnostic of the DNA tether 
length by measuring the Brownian motion of the beads attach to DNA tether. Using 
different tether lengths the amplitude of the movement was related to the size of the 
tethers. In this work a gold bead was attached to one end of the DNA chain and the 
RNA polymerase to the surface. During the transcript elongation, the bead moves 
away from the RNA increasing the length of the tether (the distance between the RNA 










1.3. Magnetic tweezers 
 
Magnetic tweezers (MT) are a tool which allows single 
molecule manipulation by applying a field gradient to 
a tethered magnetic particle.  
The basic MT uses a permanent magnet placed near to 
a fluid cell (small chamber which contains a buffer 
solution and the tethered magnetic particle). Although 
permanent magnets allow the use of large magnetic 
forces the magnetic force applied to the bead cannot 
easily be varied. The use of an electromagnet instead 
provides an easy way to change the magnetic field 
gradient and thus the force applied to the particle.  
Magnetic tweezers can be used in pulling and rotation experiments. In pulling 
experiments the tethered bead is pulled away from the surface, for example to 
determinate the dissociation energy of a molecular complex (force induced bond-
rupture experiments). To rotate a paramagnetic bead it is necessary to use two pairs of 
magnets (a quadrupole) or a rotating pair of magnets to apply a rotating field. The 
permanent magnetic moment of the bead tends to orient itself in the direction of the 
rotating external field gradient. The non-alignment between the magnetic moment  , 
and the rotating field, B, results in a torque, : 
 
A more advance study of this characteristic can be used for example to measure the 
torsional stiffness of superparamagnetic beads [6], investigate the dependency of  the 
rotation of the bead with the frequency of the applied rotating field by applying a 





Figure 1-3 Schematic representation 





 Recent investigations in the field of magnetic biosensors aim at the use of 
methods that measure not only the concentration of the biomarker but also the 
affinity of the biomarker to the capture antibody. In order to do that, paramagnetic 
beads are attached to a secondary antibody in a sandwich-assay. By applying a 
magnetic field it is possible to study the force bond-rupture of the biomarker-antibody 
complex. 
However, the size of the bead can restrict the “search” of the secondary antibody and 
distort the antibody-target binding kinetics. A possible solution is to use a string of 
DNA to attach the bead to the secondary antibody instead of binding the bead directly 
to it. This way the distance of the bead to the antibody is increased and the secondary 
antibody has more freedom of motion. This in its turn will enhance the binding 
kinetics.  When the sandwich complex is formed the bead is bound to the surface by a 
long tether. 
 To better understand the behavior of tethered particles, this project focuses on 
the analysis of the lateral movement of 500 nm superparamagnetic beads, tethered to 
a polystyrene surface by a DNA tether using the tethered particle motion technique. A 
study on the influence of the magnetic force applied to the beads using magnetic 
tweezers is also done. 
1.5. Brief outline of the report 
 
The report is organized as follows. In the next chapter the Brownian movement of a 
particle corresponding to free diffusion and restricted diffusion is explained as well as 
of the tethered particles used to study the influence of the magnetic force on the 
tethered system. The structure of the DNA, the properties of the superparamagnetic 
beads and the influence of an external magnetic field are also described.  
In chapter three the experimental procedures to prepare a fluid cell with tethered 
particles and the way to record the movement of the beads is described. This chapter 
starts by the description of the preparations needed to modify DNA such that it can be 
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used as a tethering molecule; the cutting of DNA from a plasmid, the verification of the 
size of the resulting DNA strand and the binding of the linkers onto the DNA. After this, 
the procedure used to functionalize the bead’s surface with streptavidin and the 
verification of the presence of streptavidin on the bead’s surface by the ELISA 
technique are also described. Still in this chapter we describe the experimental setup 
and parameters used for the observations, and procedures to apply the magnetic field 
to the superparamagnetic beads.  
Chapter four contains the results of the observations and recordings of the tethered 
beads. In this chapter we start by showing the differences between a surface which 
was functionalized with DNA and a control surface which was blocked with BSA. The 
results of applying different forces to the beads and the calculations and 
considerations made in order to determine the influence of the magnetic force and 
DNA spring constant  on the Brownian motion are also presented in this chapter.  











Chapter 2  
 
Introduction to theory  
 
As it was described tethered particle motion is a powerful tool providing insight in the 
properties of single molecules. In this chapter the principle of tethered particle motion 
is explained for the combination of the bead and the tether molecule, in this work 
double stranded DNA (dsDNA). Several models for particle motion will be discussed 
and the separate properties of the bead and the tether. 
2.1. Tethered particle motion 
 
  The general system used in TPM in our case consists of a bead hanging from a 
surface immersed in a fluid. If we think of the dsDNA as a flexible rod connected to the 
bead, with a certain mass, and the magnetic force applied to the bead, the system will 











Figure 2-1 - Schematic representation of a tethered particle and the applied forces. Where    is 
the magnetic force,         is the restoring force,    is the gravity force,         is the fluid 
impulsion force acting on the bead,      is the force applied by the molecule of DNA which 
holds the bead and     is the bead’s displacement (distance from the equilibrium point) and    
is the angle between the    and the tether and    . 
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During the stochastic movement of the bead, a force is pushing it back to the 
equilibrium state. This force        , is proportional to the magnetic force, the 
displacement and the elastic coefficient of the DNA. We can write  
                                                                                      (2.1) 
where δα  is the angle between the     and the tether and     is the bead’s 
displacement (distance from the equilibrium point) . For small displacements, by 
approximation,  the equation (2.1),  assumes the form, 




    
 
                                                         (2.2) 
The behavior of the system is similar to the behavior of a Hookian spring, with a spring 
constant Kp. Equation (2.2) is valid for a harmonic system, in which Kp is given by: 
   
  
 
                                                                         (2.3) 
This means that the spring constant depends on the tether length and the magnetic 
force. 
In a Hookian system, the energy of the system is given by: 
    
 
 
     
                                                         (2.4) 
Relating this equation with the equipartition theorem leads to 
 
 
     
   
 
 
                                                            (2.5) 
 
  using equations (2.3) and (2.5) yields 
       
    
  
        [8]                                                 (2.6) 
This simple model suggests    proportional to the    and to the  
 
  
 . In fact the 
bead’s displacement must increase with the tether length and is constricted by 
increasing magnetic force. 
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The bead movements are confined to a volume of radius no bigger than the tether size 
and in the upper half-region     ( the bead cannot cross the surface).  
2.2. Brownian Motion 
 
A small particle immersed in a fluid describe a stochastic and incessant movement 
which is the result of unbalance fluid forces acting on the particle. This effect was 
firstly observed by Robert Brown in 1827 during studies with plants. He discovered 
that pollen grains immersed in water describe random movements. Later works 
describe this movement as irregular, composed of rotational and translational 
movements in which smaller particles are more active. The density of the particle had 
no influence in the movement, but the viscosity and the temperature of the fluid had a 
predominant effect in the movement of the particles that never ceases [9]. 
 
Figure 2-2-Simulated random movement of a 500 nm bead in a water-like buffer. 
 
In 1905 Einstein published his work about the Brownian motion which consists of two 
parts. In the first part he related the stationary balance of forces acting on the particles 
                              
       , as a dynamic equilibrium between 
a diffusion current      and a drift current      , where D and   are the diffusion 
and drift coefficients of the particle in the solvent. Solving the previous relations in 
order to eliminate   and  , we get what is known today as the Stokes-Einstein relation  
  
   
 
                                                                   (2.7) 
      with                                                         
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                                                                    (2.8) 
where   is the Stokes’s friction coefficient for a spherical particle moving in a viscous 
liquid, D is the particle’s diffusion coefficient,    the Boltzmann constant, T is the 
absolute temperature,    is the hydrodynamic radius of the bead and η the fluid’s bulk 
viscosity.  
 In the second part of his work Einstein made use of the random walk on the 
Chapman-Kolmogorov equation to derivate the diffusion equation [9] 
           
                                                                    
where r is the location of the particle after the time t. He also deduced the stochastic 
expression for the diffusion coefficients  
   
 
  
             
     
  
 
     
   
                                   
 where d represents the degrees of freedom of the particle’s movement. 
Due to the close proximity to the surface, the viscosity can be larger than the bulk 
viscosity, increasing when the distance to the surface is comparable with   . The 
viscosity correction of literature [9] is given by, 





      
                                                               
where     the bead hydrodynamic radius of the bead ,   the distance to the nearest 
surface. Calculating the effective viscosity for the 250 nm radius bead at the distance  
of        from the surface,  gives                      .  Using this value in 
relations 2.7 and 2.8, gives                when from the bulk viscosity  






2.3. Diffusion based methods for simple particle tracking  
 
Kusumi et al (1993) [1] describe methods to analyze the behavior of a particle by taking 
in consideration different aspects. Two cases are considered: a freely moving particle, 
so called simple diffusion, and restricted diffusion when movement is restricted by a 
box of rigid walls i.e. the bead moves freely only inside the box. 
2.3.1.  Simple diffusion mode: 
 
In case a particle  undergoes simple Brownian diffusion, the two-dimensional Mean 
Square Displacement (MSD) depends linearly on time with a slope 4D, according to the 
relation: 
                                                                                                                                                                                                          
where D is the two-dimensional diffusion coefficient. 
The mean square displacement of a free particle travel increases linearly with time, 
according to  relation 2.12. The simple diffusion mode plot is expressed in Figure 2-3  





























2.3.2. Restricted diffusion mode: 
 
 In the case of a particle which motion is restricted, the MSD will not increase infinitely 
with time. This  case is well discussed by Kusumi et al [1]. For example for the case of a 




tethered particle, the particle is considered to be inside a box with rigid walls in which 
it can move freely inside due to Brownian motion, but can never cross the wall (mode 
is equivalent to an infinitely high well potential). During the observation period the 
particle is confined to the area defined by          and         , where  
   and    are respectively the distance between the anchor point and the maximum 
displacement  of the particle. When the bead’s excursion has a circular symmetry the 
parameters    and    are equal corresponding to the radius of the circular excursion 
of the bead     .  
In this mode the MSD-plot will be given by the expression 
 
where   is range of the movement and is given by the relation      , and   is the 
time interval [1]. In this case the slope of the MSD plot is linear with    during a 
certain period of time, similar to the simple diffusion mode. After this interval, when    
tends to infinite, the MSD plot will asymptotically approach the value  
  
 
 .   
A plot of this relation 2.13 is shown in Figure 2-4 with        and   
        using                 (calculated using relation 2.7 and 2.11, with 































Figure 2-4– Mean square displacement of free particle inside of box with rigid walls. 




































In the absence of external forces the range,   , is dependent of tether and bead’s size. 
The movement is restricted by these two parameters, but it will be dominated by one 
of the two, depending on the excursion number,  r according to the relation [11] 
   
 
 
      
 
                                                                   
                                         
from where we obtain the value for excursion number of        considering the 
parameters of the tethered system used in this report, where    is the radius of the 
bead,    is the DNA contour length,    the persistent length. The contour length is the 
maximum end-to-end distance of the DNA chain. This value is measured in the number 
of basepairs (bp) or can be calculated by multiplying the number of bp by the size of 
one nucleotide, 0.34 nm. The persistence length is a measure over which segments of 
a polymer are correlated and can also be described as the tendency of a flexible 
polymer to point in the same direction. This dimensionless number,  , measures the 
bead’s scaling factor, in which we can have a bead-dominated regime or a molecule-
dominate regime. For large excursion number (    ), the movement of the system 
will be dominated by the movement of translation and rotation of the particle. For the 
bead-tether system considered in this report, the movements are dominated by the 
bead’s diffusion which will affect the expected displacement of the tethered system. 
According to the work of E. Segall [11],  considering the excursion number,  the 
expected displacement is given by: 
  
   
  
    
   
   
           
                                                               
where    is the in plane displacement of the center of bead (  is the vector from the 
























DNA is a biological polymer constituted of alternating sequence units called 
nucleotides.  Each nucleotide consists of a nucleobase, a five-carbon sugar (2'-
deoxyribose) and a phosphate group. There are 4 types of nucleotides which are 
named adenine (A), guanine (G), cytosine (C) and thymine (T).  
These four bases are subdivided into two types; adenine and guanine are fused five- 
and six-membered heterocyclic compounds (cyclic compounds with 2 or more 
different atoms in its ring) called purines, while cytosine and thymine are six-
membered rings called pyrimidines (see Figure 2-5). 
This four types are complementary, meaning that when the double helix structure is 
assembled, the nucleobases can form a hydrogen bound between the purine or 
between the pyramiding bases. In other words the adenine can only form hydrogen 
Figure 2-5-On the left of the image the nucleobases, in the center the schematic of the DNA chain , with the detail of one 
nucleotide selected with the rectangular line. On the left , the indication of the polarity  direction of the chain. Part of the 
image adapted from (http://images1.clinicaltools.com/images/gene/dna2_large.jpg).  
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bonds with thymine and cytosine with guanine. The first two nucleobases form an 
double hydrogen bound and the third and the forth a triple hydrogen bound leading 
the two strands of DNA chain to wrap around each 
other forming a helical spiral, winding around a helix 
axis in a right-handed spiral.  
The backbone of the DNA structure consists of bases 
being stacked on top of each other alternating sugar 
(2-deoxyribose) and phosphate groups. The 
nucleotides are joined together by phosphodiester 
bonds between the third and fifth carbon atoms of 
sugar rings. These asymmetric bonds lead to a 
direction on the strand of DNA, known as polarity. In 
the particularly case of a double helix, the direction 
of one strand is the opposite of the other. This 
means that at one end of the double strand a 5’end 
(phosphate group) and 3’end ( hydroxyl group)  will 
always be present.  
The diameter of a double stranded DNA (dsDNA) is 
20 Å and the length of one nucleotide unit is 3.4 Å 
(0.34 nm). For a single stranded DNA (ssDNA) the 
monomer size is 6 Å [12]. 
DNA is characterized by its persistence length,   , 
the elastic modulus,    and its contour length,   . 
A contour length can contain many persistence 
lengths, resulting in numerous configurations that a 
polymer may adopt. The elastic modulus measures the intrinsic resistance of the 
polymer to longitudinal strain. The    and    are generally correlated  in the Worm 
like chain, which will be explained in the next section. 
 
  
Figure 2-6- DNA structure dimensions (image 






2.4.2. DNA mechanics 
 
The dsDNA in buffer solution bends and curves due to the thermal fluctuations. As a 
consequence, the end-to-end distance of the DNA is not the full  length due to such 
fluctuations, when in force regimes the applied force in one end is not enough to 
extend the all DNA chain. There are two models which have been used to describe the 
entropic behavior of the DNA. The freely joint model, which describes the DNA as a 
group of rigid, independent Kuhn segments whose length, SL, is a measure of the chain 
stiffness and which is only flexible in the joins of those segments [13]. The Worm Like 
Chain (WLC) model, also known as Kratky-Porod envisions the DNA molecule as a 
continuous isotropic rod, which is continuously semiflexible with a fixed contour 
length,   , that smoothly curves as result of thermal fluctuations.  Mathematically     
is defined as the decay length of the tangent-tangent correlations of the polymer [13]: 
                                                                                      
where      and       are tangents to the DNA chain at a distance          . The 
persistence length   , is the distance over these two segments of the chain which 
remain directionally correlated. 
 The extension of the chain changes if it’s submitted to a force. The force-
extension curves for DNA molecule are well fitted in the work of Wang et al. [14], for 
forces between 0.1 pN and 50 pN, by the relation know as the modified interpolation 
equation, 
  
   
   















                                             
 
 where   is the absolute temperature and    is the Boltzmann constant,   the 
stretching force, and   the WLC extension (end-to-end distance) and    stretch 
modulus of the chain (with    
     
  
    ). This formula is a modification of the 




   
   
   
 
  






                                             
 to incorporate the enthalpic stretching. However for the range of forces used in this 
work it is not necessary to include the enthalpic stretching, which is more relevant for 
forces >10 pN [14]. At low force the spring constant of the DNA is given by 
  
    
     
                                                                        
In Figure 2-7, using          in the equations 2.18, is presented the force-
extension curve for a DNA chain with a contour length of         . 
 
 
As it can be seen in Figure 2-7, above       the chain reaches the maximum 
extension, and starts to become over stretched, as        above this force. 
  
Figure 2-7 DNA stretch curve as result of a applied force (blue line). The red dashed 
curve marks the theoretical DNA contour length and the green dashed line represents 




2.5. Superparamagnetic beads 
 
The superparamagnetic bead is a microsphere which consists in a matrix (polystyrene 
for example) containing small nano-sized magnetite grains (FeO4) (see Figure 2-8).  
 
 
 Due to the small size of the grains the thermal energy is strong enough to randomly 
disperse the magnetization orientation of the grains inside the matrix, i.e., the 
orientations of the bulk of grains are randomly distribute leading to a zero average 
magnetization of the entire bead (see Figure 2-9).  When a magnetic field of strength H 
is applied all the moments of the grains will start to align with the direction of the 
external field leading to a magnetization of the bead . The degree of magnetization will 
depend of the particle magnetic susceptibility (see equation 2.26),  
 
 
Magnetite in itself is a material that exhibits a ferrimagnetic behavior; it acquires a 
dipole moment when a magnetic field is applied and keeps it when the field is 
Figure 2-9-Illustration showing orientation of the bead’s magnetic domain with the 
applied magnetic field.  
 
Figure 2-8 -Schematic representation of the Ademetech MasterBeads Carboxylic Acid  
(super-paramagnetic bead)  
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switched off. Since the size of the grains is small, the thermal energy overcomes the 
magnetic energy, thus randomizing the moments of the grains. This means that the 
beads will be magnetized when an external field is present, but will not have any 
magnetization when the magnetic field is removed.   
 
2.5.1. Beads properties 
 
The beads used in this project have a mean diameter of 500 nm. According with the 
manufacturer (Ademtech), the beads have a magnetization at saturation of          
and a approximate bead density of             . The iron content is approximally 
70% of its density.  
When the beads are suspended in buffer fluid the resultant of the gravitational and 
fluid forces (not considering random thermal forces) can be obtained by the 
expression: 
                                                                       (2.20) 
where   is the bead density,    the density of the buffer, V the volume of the bead and 
  is the gravitational acceleration. Taking the value of the density of water        
         for the buffer,                and a bead volume of   
 
 
   
  
           ,          
            . Despite its magnitude this small force 
is enough to make beads sediment. This means that a terminal velocity is achieved. For 
small spherical objects (with a small Reynolds number     ) moving through a fluid 
with a small speed we have: 
                             (2.21) 
where   is the velocity of the bead (with the opposite direction of the drag force), and 
  is the same term of the equation 2.8, which is the Stokes drag force derived for very 
small spheres at low velocity. Considering the sedimentation of a bead due to 
gravitational force at constant velocity, the balance of forces gives us: 
               (2.22) 
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getting equations 2.11, 2.20, 2.19 into the 2.22, the terminal velocity is 
  
        
     
                                                              
                                                                                               
This particular result is used to predict the time needed by the  bead to travel between 
surfaces of the closed fluid cell (see paragraph 3.2.4), during the incubation procedure 
of the beads. This means that to travel ≈130  m a time of 13 minutes is necessary.   
2.5.2. Bead actuation  
 
For a polarizable object under an applied  magnetic field the equation relating the 
magnetic induction , the strength magnetic field   and the magnetic polarization   
of the object, is 
                                                                                   
where µ0 is the magnetic permeability of free space given by 4π.10
-7 [    ]. 
The magnetization of an object is defined as the magnetic moment, , divided by the 
volume  of the object ,   
   
 
 
                                                                            
 In general, the magnetization of a system varies linearly with the applied field, 
                                                                              
 where χ is the magnetic susceptibility [N/m], of the object. This relation gives the 
degree of magnetization that a material obtains in response to an applied magnetic 
field. The magnetization don’t increase infinitely with the field strength, attaining a 
saturation value above a certain value of  . Near to the saturation magnetization, the 
magnetization increases slowly until it gets to the constant value Msat. At saturation 
the magnetization can be described by the relation: 
      
 
   
                                                                           




2.6. Magnetic force 
 
The magnetic force acting on a superparamagnetic bead placed in a magnetic field is 
related with the magnetic field where the bead is placed according to the expression 
[16], 
                 
                                             
 
 
 where the integral is taken over the volume   of the magnetizable object. For a 
spherical object in a homogenous magnetic field over all its volume, the previous 
equation leads to   
                                                                       
where the magnetization of the object M is given by, (equation 2.26)  
                                                                                                                               
considering    as the measured susceptibility of a single bead. Since the spheres are 
surrounded by a fluid of     (non-magnetizable) replacing M in equation 2.29 gives 
                                                                
Using the relation       and the mathematical simplification        
                          as       , the equation 2.31 can be 
written as                                                              
         
  
   
                                                           
from which the magnetic force comes as a function of the magnetic induction. This 
relation is only valid when the particle didn’t reach the magnetization of saturation. In 
the case of saturation the relation 2.30 is replaced by 2.27, giving 
           
 
   
                                                 
Using the relation       and equation 2.27, the magnetic force can be written as 
     




   






Chapter 3  
Experiments 
 
In this chapter the procedures to prepare the setup of tethered particle using 500 nm 
Carboxylic beads anchored in a polystyrene surface, will be described as well as the 
procedure used to modify the DNA to be used as a tether, and the preparation to bind 
the DNA and to functionalize the polystyrene surface. The experimental setup for the 
particle tracking experiments will be described  and the analysis procedure will be 
explained. 
3.1. Tether Preparation: 
 
3.1.1. DNA pBR322 
The DNA used as tether is extracted from the pBR322 plasmid which is a double helix 
chain found in E.Coli bacteria. This DNA is a circular string that contains 4361 base 
pairs of length. One of the first preparation steps in this work is to cut the DNA in order 
to open the circular chain getting a string of DNA. The cut is made using two restriction 
enzymes. The reason for the use of these two enzymes is to create two different ends 
otherwise they could reconnect again, in a later step. The restriction enzymes used 
were EcoRI and HinDIII 
which cut the DNA at 
position 4359 and 29 
respectively (see Figure 
3-1). The cut result in two 
strings of DNA, one with 
4330 bp (with cohesive 
ends) and another with 
31 bp.   
Figure 3-1- pBR322 DNA chain 






After this process it is necessary to purify the DNA. Firstly, the solution containing the 
restriction enzymes and buffers has to be removed. Then the larger strings need to be 
separated from the smaller ones. Not separating the two strings of DNA might cause 
troubles when connecting the linkers with the DNA, because some of this small pieces 
could reconnect to the terminals of the large string of DNA disabling the use of that 
DNA as a functional tether.   
The cleaning is performed using a mini column for filtering. The 
setup is quite simple and shown in Figure 3-2 –DNA cleaning setup. 
The syringe is loaded with the mixture of the DNA solution from 
the cutting procedure mixed with wash resin. By passing this 
mixture through the mini-column the bigger strings of DNA are 
retained in the filter and the remaining solution is eluted to the 
Eppendorf tube . The DNA is removed from the mini-column 
using warm demineralized water (DNA becomes more flexible) 
and then centrifuged, in order to remove it from the filter. At the 
end of the process the solution contains only the bigger strings of 
DNA in demi-water. 
 
3.1.2 Checking the size of DNA: Electrophoresis  
 
Electrophoresis is a technique based on the migration of 
ionic solutes in the presence of an applied electric field. In this 
particularly case the support media used is Agarose gel  
(concentration of 0.6% Agarose in Tris-acetate-EDTA (TAE) buffer). 
DNA migrates towards the anode because it has negative charge 
due to the phosphate “backbone” of the DNA strand. 
This technique was used to check the presence of DNA and 
its size, considering the rate of migration. A longer string of DNA travels slower than an 
smaller string because the gel resists the mobility (a higher Agarose concentration 




Figure 3-2 –DNA cleaning 
setup.  
Figure 3-3- 
Illustration of the 




position of the band is an indicator of its size. The band of DNA is also an indicator of 
the presence of DNA (it is a qualitative observation since the intensity of the signal is 
not quantified).  
 
In this experiment three different types of DNA in different states were used; 
uncut DNA, a reference ladder and the cut parts.  The ladder is a mixture of different 
strings sizes which is used as scale (provided by the manufacture), uncut is pBR322 
which was not been cut, and the cuts are the result of the cut and cleaning 


























The first two conclusions from this experiment are:  the confirmation of the 
presence of DNA, since there is a strong signal (very bright bands)  and the presence of 
a unique DNA size in the cuts columns as only one band per column is visible (Figure 
3-4)   
The front of the bands (marked with the white dashed line) resulting from the 
cuts are between the bands corresponding to 5000 bp and 4072 bp, in the ladder 
Figure 3-4- Electrophoresis picture containing size of DNA in bp 
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column. Taking the mean of those two values we get the value 4428 bp. Although the 
length obtained for the cuts is bigger than the initial DNA length in the plasmid form, 
comparing the shapes of the bands (cut and uncut), we can verify that are differences 
in the shapes, the band of plasmid DNA is more spread. The shape of the bands 
resulting from the cut is comparable with the  ladder, which leads us to confirm the 
DNA was cut.  One source of error in the size verification is the size of the scale, which 




 To bind the prepared string of DNA it is necessary to adapt the DNA with 
specific functionalize group in order to connect it to the beads and to the polystyrene 
surface; so called linkers.  
 A linker is a short string of DNA with a functional group in one end and a sticky 
end in the other extremity. The linkers were not randomly chosen, the sticky ends in 
the linkers are the complements to the ends of the DNA string. This way only one 
linker can connect to the respective end in the DNA string. Figure 3-5 shows a 






 Linkers are connected to DNA using an enzyme called ligase. This enzyme joins 
the complementary end of the DNA to the respective end in the linker. This is the 
inverse reaction of the process that was used by the restriction enzymes in the cut of 
DNA.  





In this particular case ligase catalyze the 
formation of a bond between juxtaposed 5'-
phosphate and 3'-hydroxyl termination with a 





After this procedure DNA is ready to be used as a tether. We have a double helix DNA 
chain with two functionalized groups at the ends. In the next paragraphs the necessary 
preparation steps to modify the beads and polystyrene surface in order to connect 
them to these specific groups will be explained. 
 
3.2 Bead preparations 
 
To bind the DNA tether to the beads it is necessary to provide the beads with a 
biomolecule to bind to one of the ends of the DNA-tether. To provide the beads with 
the biomolecule, first it is necessary to activate the carboxylic groups present at the 
bead surface using an activation buffer.  
This activation buffer contains 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
Hydrochloride)  (EDC), which will react with the COOH groups on the beads , producing 
amine-reactive O-acylisourea. This compound might react with an amine resulting in 
two molecules joined by a stable bound (amino bound). But the amine-reactive O-
acylisourea is susceptible to hydrolysis. Adding Sulfo–NHS stabilizes the amine-
reactivity by changing it into an amine-reactive Sulfo-NHS (increasing the efficiency of 
the EDC as mediator).  Figure 3-7 illustrate all the intermediate reactions. 






3.2.1 Binding biomolecule to the Bead 
 
The biomolecule which will be used to do the binding between DNA tether and 
the bead is Streptavidin. Streptavidin is a tetrameric protein purified from 
Streptomyces avidinii. This protein has high affinity for biotin (used as one of the ends 
in the DNA-tether) the bound between streptavidin and biotin is one of strongest non-
covalent bounds. For tethered particle motion combined with the application of 
magnetic forces, this is important as not to cause rupture of the bond during the 
experiments.  
Streptavidin was bound to the beads using a coupling buffer 2-(N-morpholino) 
ethanesulfonic acid (MES) in an initial concentration of 600 mM (in order to keep the 
concentration of MES in the coupling solution at 100mM) [18].  
 
  
Figure 3-7 –Illustration of  Intermediate reactions of COOH groups activation. An amine-reactive O-acylisourea 
intermediate is formed from the reaction of carboxyl group present on molecule 1 with the EDC. If this unstable 
intermediate reacts with an amine on molecule 2, it’s formed a conjugate of the two molecules joined by a 
stable amide bond. Adding Sulfo-NHS increases the efficiency of EDC-mediated coupling by  stabilizing the 





3.2.2 Checking the coupling between Streptavidin and the beads 
 
 At this point in the procedure it was necessary to check the presence of 
Streptavidin at the beads surface; otherwise the bead would not bind to the DNA-
tether. In order to do so the coupling reaction was also performed with streptavidin 
labeled with Horseradish Peroxidase (HRP) in the binding reaction between the beads 
and the biomolecule to detect HRP signal in the ELISA experiments.  
 
3.2.2.1 ELISA experiments 
 
Enzyme linked immunosorbent assay (ELISA) it is a qualitative and quantitative 
test using an enzymatic substrate which gives a light signal. In this case the presence of 
streptavidin-HRP will be detected measuring the light signal from the solutions tested.  
HRP in the presence of hydrogen peroxide (H2O2) and Luminol emits light in a 
process known as chemiluminescence. This reaction takes place by HRP decomposing 
the hydrogen peroxide to form water and oxygen. The oxygen produced will react with 
the Luminol dianion (produced from the reaction of Luminol with hydrogen peroxide). 





Figure 3-8-Reaction scheme of Luminol, HRP and Hydrogen Peroxide (oxidation of luminol with realease of ligth). 
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3.2.2.2 Protocol to measure Streptavidin-HRP in the bead surface  
  
The measurement of the presence of streptavidin-HRP on the beads was made in 
parallel with control measurements in order to be possible to quantify the amount of 
streptavidin-HRP in the beads solution. Solutions with varying concentrations of 
streptavidin-HRP were used as controls. The procedure is described below: 
1. Prepare  8 µL  streptavidin-HRP solutions in Phosphate buffered saline (PBS) 
buffer, with the concentrations of 500 pg/µL, 50 pg/µL  and 5 pg/µL in low-
binding Eppendorf tubes. Pipette this solutions into a well plate; 
2.  Pipette 8 µL from the beads solution to the well plate; 
3. In each well plate add 292 µL  SuperSignal ELISA Pico Chemiluminescent 
Substrate (146 µL of  SuperSignal  ELISA Pico Luminol Exchanger solution 
and 146 µL SuperSignal Stable Peroxide solution); 
4. Immediately insert the well plate in to the fluorometer and initiate the 
measurement.  
The results of the ELISA experiment are shown in Figure 3-9, as a plot of the relative 




















Figure 3-9- Response curves for streptavidin-HRP in the bead solutions and for 




The response curves are dependent of the Streptavidin-HRP concentration present in 
the solution (Figure 3-9). Considering the curve corresponding to the coated beads the 
signal is located between the response curve of 500 pg/µL and 50 pg/µL of 
streptavidin-HRP solutions. It is not possible to exactly predict the amount of 
streptavidin-HRP present on each bead due to the loss of beads during the wash 
process that takes place during the bead preparation procedures. However, it is clear 
that the coupling process of streptavidin to the beads was successful. 
3.2.2.3 Polystyrene surface modifications 
 
To bind the NH2 group present in the DNA-tether it is necessary to create COOH 
groups in the polystyrene surface. The oxidation of the surface is the first procedure to 
provide the necessary COOH groups to bind to NH2 amino modifier group.  The 
procedure is described below: 
1. Place a spacer on top of the polystyrene slide.  
2. In an bottle putt 3g of Potassium permanganate(KMnO4), then add 9.37 mL of 
demi water and finally 0,63 mL of Sulfuric acid (H2SO4). Gently shake the bottle. 
3. Add 200 µL of this solution inside the spacer onto the polystyrene surface 
4. Keep the sample inside a Petri dish, and put it on a water bath at 45 °C 
for 2 hours . 
5. Pipette out the solution of the samples. Wash the samples in tap water to 
remove any residual reaction solution from the sample. 
6. Add 200 µl of 6 M hydrogen chloride (HCl) in the sample and leave it for 2 
minutes (this step is to remove the manganese oxide residue) 
7. Pipette out the HCl and wash the sample in a beaker with demi water (repeat 
the wash step 2 more times, always using fresh demi water) 
After the oxidization process, the sample is not ready to be functionalized with the 
DNA. First it is necessary to activate the COOH groups by a solution of EDC and NHS 
(same reaction as described before). After shaking for one hour the sample is ready to 
be functionalized with DNA. After the incubation with DNA, the final step is to quench 
the reaction with 25 µL of quench solution pH 8 (31 µL of ethanolamine and 7 mL of 
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PBS solution).  The samples can be stored in the storage buffer (0.5% BSA, 0.01% 
Tween-20 and 50 ml PBS) in the fridge at 4°C for one month. 
3.2.3 Setup of tether particle motion with application of magnetic force  
 
This paragraph describes the setup used to study the tethered particle motion Figure 
3-10 in particularly the way to build the fluid cell, the magnetic system used to apply 
the magnetic field and the microscope and recording setup. The method to do the 
image analysis of the data recorded by the camera will be also explained. 
 
 
3.2.3.1 Fluid cell 
 
A closed fluid cell was used to maintain the tethered system in a closed 
compartment containing a buffer. In this setup a secure seal imaging spacer1 (double 
sided adhesive tape) is placed on the polystyrene surface (this was made in the initial 
step of polystyrene surface modification).  After blocking the surface with casein     
                                                             
1  Sigma Aldrich 
Figure 3-10-Schematic representation of the experimental setup used for single particle tracking 
(not in scale). 
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(100 µL of skimmed milk solution) and adding the beads (11 µL bead solution) the cell 
is closed using a microscope cover slip (see Figure 3-11). Turning the cell upside down 
starts the bead incubation; it takes about 18-20 minutes, to attach the DNA to the 
beads by the streptavidin-biotin bond .  
  
 
 After the incubation the cell is again turned upside 
down. The beads that did not bound to the DNA 
tether will fall to the bottom of the cell (the glass 
cover slip surface). This way it is possible to see 
through the polystyrene surface the hanging beads 
anchored to the polystyrene surface.  (Figure 3-12)  
 
3.2.3.2 Magnetic system 
In order to submit the tethered paramagnetic beads to a force, a field gradient 
has to be generated. The magnet consists in a copper wire coil with a Soft Iron core 
(see Figure 3-13 for schematic representation of the magnetic system). The copper coil 
wire is sustained in a bras holder which can be detached from the soft iron core. The 
magnet has a cone tip flat top. The cone shaped tip is used to concentrate the field 









Adding beads and 




Figure 3-13- Schematic of the 
magnet with the Perspex cylinder 
on top. 
Figure 3-12- Illustration tethered particles 
near to the polystyrene oxidized surface  





large field gradient. The flat tip surface creates a homogeneous field gradient in the 
area of observation perpendicular to the surface.  This leads to a constant force in the 
work region above the tip surface. Calculations show a maximum variation of 2% in the 
exerted force values, for beads with the same saturation magnetization, in an area 
around the center of the core tip with a diameter of 293 µm [19]. 
When the fluid cell is placed on the Perspex holder (to create a flat surface to sustain 
the fluid cell on top of the magnet tip), the distance between the top of tip and the 
functionalized surface is 330 µm above the magnet tip. To know which currents should 
be used to apply force to the paramagnetic beads, current values were calculated. 
Figure 3-14 shows the calculated data table for Ademtec 500 nm beads,  from the 














In the force experiments only forces between 0.18 pN and 1.32 pN were perform. 
Application of higher forces could cause overheating of the coil. The magnetic system 
is controlled by an Agilent Technologies E3631A Triple Output DC Power Supply 
connected to a function generator.  
 













Figure 3-14- Table of forces exerted on the 500 nm beads by 




3.2.3.3 Optical detection: Camera and Microscope: 
     
For recording the movement of the beads a Leica DM6000M microscope is 
used. The microscope has five objectives. In this project, considering the size of the 
beads, a water immersion lens with an magnification of 63X was chosen. The ocular 
has a magnification of 10X.  This microscope still has the option to use an extra lens 
situated between the objective and the ocular, providing a magnification of 1X. 1.5X 
and 2X. This lens can be used to adjust light conditions depending on the sample. The 
extra lens magnification used in this project is 2X. The total magnification of the setup 
used is 1260X. Images from the microscope are recorded with Redlake MotionPro HS-3 
high speed camera which is mounted on the microscope. The images are recorded by 
the camera in maximum resolution of 1280x1024 pixels per images with a 0-511 
grayscale. The camera lens has a magnification of 10X (equal to the ocular lens). At the 
magnification of 1260 times the 1280x1024 pixel images correspond to an area of 
96x96 nm2 per pixel. In these experiments the camera was controlled in two different 
ways. During the experiments in the absence of force the camera uses the internal 
trigger set by the computer which is connected via USB to it, also used to store the 
data. When the magnetic field is applied, the camera is triggered externally by the 
waveform generator synchronized with the magnet (preprogrammed via PC to provide 
a square waveform). The camera records an image at each up going flank of the square 
waveform signal.  
The next paragraph is a description of the methods and the parameters used to 
set the microscope and the camera. 
 
3.2.4 Single-particle tracking experiments 
 
 To perform the force experiments with the described magnetic system the 
center of the tip is aligned with the center of the image view of the microscope. This 
way the field of view always corresponds to the same field gradient applied. The 
microscope stage cannot be moved in x or y axis after the alignment, so searching for 
an area with beads that show a good Brownian motion, must be done by hand with 
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extreme precaution, moving the fluid cell. When using the magnet it is impossible to 
illuminate the fluid cell from the bottom, so the reflected light in bright field mode is 
used for imaging. The intensity and the aperture are set to obtain good contrast 
between the beads and the surrounding (background). The camera is set to record 30 
frames per second (fps) in a total of 3271 frames per movie (highest number of frames  
available at the selected frame rate). Higher frame rates were not possible in this setup 
because images would not have enough light to provide a good contrast for later 
analysis. 
3.2.5 Measurement  
 
In order to record movies during the absence of a force and when a certain force 
magnitude was applied the procedure according to Figure 3-15 was followed. This way 
it is possible to register influences of magnetic force on the paramagnetic beads but 
also to investigate induced changes that may occur, such as detachment of non-




















The reason for using the three higher force values first was to try to detach the       
non-specific binding that may occur between the DNA tether and the surface and to 
determine the magnetic force needed for this detachment would.  
Figure 3-15- Block diagram of the magnetic force experiments procedure. The red arrows  indicate the 
transition from a regime in absence of magnetic field  into a regime when the magnetic field is 
applied, and the white arrows indicate the opposite.   
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applied:  
Record movie 
Force regime  
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3.2.6 Software and Image analysis 
 
3.2.6.1 Particle-tracking software 
 
 The data from the tethered particles movement is analyzed using the method 
of simple particle tracking. The position of the center of a bead is registered frame 
after frame leading at the end to the bead’s trajectory or excursion during the time of 
data acquisition. In order to do this the software (in-house made software [20]) 
constructs a bead template considering the grayscale and the bead’s size selected by 
the user. Then a convolution of the template image with the entire recorded image is 
used to find other beads in the image by comparing the template with other similar 
features, to find the beads in the image. The position of the bead is calculated by 
averaging over the maxima of several cross sections at the correlation matrix. The 












3.2.6.2 Drift correction 
 
 The software can also compensate for drift in the bead trace by taking the 
mean movement from all the bead trajectories and subtract this movement from the 
individual bead trajectories. If the drift is not removed the bead excursion may appear 
stretched in the direction of the drift. This subtraction method can remove most drift 
t 
t+1 
Figure 3-16.a –Illustration of the displacement of the bead’s center from time t to t+1. The red arrow 
indicates the displacement. Figure3-16.b- Detail of the pixel were displacement occurs. The red arrow 
indicates the movement of the center of the bead from the point at t to t+1.  
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motion but has to be taken with some precaution. If only a small number of beads 
(never less than 10 beads) have been selected there is a high probability for the error 










In the drift correction a reasonable approach is to include stucked beads in the analysis 
[21]. The movement from the stuck beads isn’t a result from the Brownian motion but 
from drift motion alone. In this setup it was not possible to add stucked beads, but 
beads describing highly restricted Brownian motion, less than 1 pixel (less than 96 nm) 
were included in the analysis.  
 
3.2.6.3 Noise  
 
In previous experiments [21] a remaining residual movement for stuck beads even 
after applying the drift correction was found. This residual movement is the result of 
instrumental noise from the recording system, camera and microscope. In this work 
was not possible to add stuck bead into the sample, as described before, but in order 
have a rough estimation of the noise random values of    position having an 
maximum variation of ±0.5 pixels along   and ±0.5 pixels along   axes from an middle 
point were simulated.  Figure 3-18 shows the    and MSD plot of the obtained random 
values. 
Figure 3-17- Calculated drifts for the cases of been selected seven beads (left) and for the case of 








 As expected the noise is confined into a box of 1 per 1 pixel during entire time series 
(3271 frames). The variations found in the MSD-plot are not in conformation with the 
theory of confined particles, but it shows considerable fluctuations. Even not being 
possible to remove the instrumental noise from the experimental data, it represents 
one of the sources of error.     
 
3.2.7 “Excursion shapes“   
 
Another important step in bead selection involves the assessment of the circular 
symmetry of the beads excursion. Beads whose excursions have different distributions 
over the x and y axes may be attached by multiple tethers (Figure 3-19).  
 







Beads which have excursions as the one shown is Figure 3-19.b are discarded and not 
used in the further analysis as they are under the influence of multiple tethers. This 
method of qualitative analysis based on the shape of the    excursion is only applied 
during the absence of force. In other words, we start by looking at the initial    and 
decide from that whether we accept a bead to include into the analysis or not. 
For example if a bead describes a circular    excursion without applying force and 
during experiments with force its shape changes, then this is related to the influence of 
the force on the system and it is not due to multiple tethers. 
3.2.8 Quantitative analysis 
 
A method to calculate the parameters as diffusion coefficient , , and the range , , 
with tethered particle is through the mean square displamment (MSD) of the particle 
xy position. The MSD of a 2 dimensional trajectory is by definition: 
 
Figure 3-19- Experimental obtained x, y-scatter plots of a 500 nm tethered particle recorded during 1.8 minutes 
undergoing Brownian motion (Figure 3-19.a and Figure 3-19.b) in absence of magnetic field. A single tether bound 
(Figure 3-19.c) leads to an symmetric circular excursion shape (Figure 3-19.a) A multiple anchor tethers result in an 
asymmetric bead excursion. At the case o Figure 3-19.b the shape is elliptical leading to consider a double 
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where   corresponds to the number of frames,   the time interval,    is the frame 
rate,           and            to the bead’s position at the time      after 
travel for a certain     with respect to its initial position (  is a positive integer). Using 














In order to determine the parameters from the graphs we will use the equation 
of restricted diffusion mode as described in chapter 2. The MSD in restricted diffusion 
is given by:   









     
       
  
    
 
         
                    
where   is the range of movement (see Figure 2.1),   is the diffusion coefficient. 
Taking into account only the first two terms of the sum (the term corresponding to 
    tends to zero), equation 3.2  becomes  
 
Figure 3-20- Mean square versus time using equation (3.1)  obtained from a   
bead excursion describing a restricted movement. 
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Equation 3.3 is obtained considering that the area of excursion has a “square box” 
confinement [1]. Changing the area     into    , on other words reducing the square 
box described in Kusumi et al. [1], equation 2.13, to a “circular box”, this leads to the 
modification of the equation 3.3 into 
 
      
   
 
  
    
  
     
      
  
   
    
    
     
       
  
             
with            
Now from fitting this expression to the data, the radius   of the circular excursion of 








Chapter 4  
Results and discussion 
 
In this chapter the results from the experiments with tethered beads will be shown 
and the analysis of the data will be presented.  
In order to verify the difference between specific binding and non-specific binding two 
types of surfaces were used. The first type, called control or blank, was not 
functionalized with DNA,  all the beads bound to this surface were considered to be 
bound non-specifically. The other samples were functionalize with DNA. On the surface 
of these samples we expect to find a higher number of beads on the surface. Besides 
the non-specific binding, on the functionalized surface specific binding will also occur. 
Examples for both samples are shown in the figures below: 
 
 
The dark dots in the images are beads. The larger “spots”, some with strange forms are 
clusters of beads. Figure 4.1.a shows that even without the presence of DNA, beads 
stick to the polystyrene’s surface. They stick to the surface by the denominated non-
specific binding. In Figure 4.1.b a larger number of beads are present on the 
functionalized surface’s sample which is an indication of the binding of bead to the  
DNA tether.  
Using this result we were able to distinguish between an image of a functionalized 
surface and one which was not. This is the first conclusion about the used method, 
Figure 4-1-500 nm beads near to the polystyrene surface. Figure 4.1.a Control sample (no DNA on the polystyrene 






that gives a clear difference between the control sample and the functionalized sample 
in terms of the quantity of beads on the polystyrene surface. 
4.1 Non- specific binding 
In spite of all the efforts to minimize non-specific binding, it is present in both types of 
samples. Characterizing the movement of beads which are non-specifically bound  is 
important because it can give significant insight about the type of binding between 
bead and the surface in further analysis.  

















Figure 4-2: Examples of XY excursions of beads with non-specific binding. 
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From these examples of excursions we can see no specific patterns having symmetry in 
the movement as the ones shown in Figure 3-19.a. The types of excursions shown in 
Figure 4-2 are examples of    excursion of beads with non-specific binding to the 
surface. 
4.2 Specific  binding 
 
The specific binding is understood as the binding bead-tether-surface; the bead is only 
connected to the surface through the tether and the tether has only one anchor point. 
During several experiments the concentration of beads were reduced because the 
number of beads present in the Figure 4.1.b were too large to work with (beads were 
near to their neighbors and could touch during the displacements and because of 
magnetic interaction during magnetic force experiments). The bead concentration was 
reduced to one half and the incubation time was also reduced from 20 to 17 minutes 
(less time also means less number of beads binding to the DNA). 












Figure 4-3- Microscope  Image of beads near to polystyrene functionalized surface, in an smaller 




Comparing this image with Figure 4.1.b it is evident that the amount of beads is 
smaller, but when compared with Figure 4.1.a it still has a higher number of beads, 
even with a lower concentration and a lower time of incubation during the bead’s 
incubation steps. This result is an indicator that a higher number of beads is bounded 
to the surface due to the DNA tether. 
4.2.1 Shape related to position  
 
It is important to verify if any preferential direction in the movement of the 
beads exists when the magnet is switched on, checking for example, if they move to 
the center of the image or towards the border of the image. For that we calculated a 
vector corresponding to the path during the first two initial frames (from frame 0 to 
frame 1). In order make those vectors, more clear in the image, a certain number of 
pixel was given to the vector’s magnitude (the size of the arrows is equal for all, 
independently of the size of the displacement of the center of the bead). The direction 
and position of those vectors are the relevant parameters in this verification/study. 
This initial “jump” is caused by the magnetic force due to the applied field  and 
is observed when this “jump” is bigger than the fluctuation caused by the Brownian 























The next images in  Figure 4-5 - Figure 4-7 are obtained by the described method, for 






























Figure 4-5- During 0.40 pN (100 mA). The red arrows indicate initial “jump” . 
 



















The distribution of the direction of the “jumps” appears to be random, so the 
effect is not caused by a preferential direction of the magnetic field.  This randomness 
of the ”jump” is associated with the rotation of the bead and its initial position (at the 
moment that the field is switched on). The bead possess a small permanent moment 














Figure 4-7-During 1.32 pN (400 mA). The red arrows indicate initial “jump” . 
 
Figure 4-8-Ilustration of the bead’s rotation 
due to the permanent moment  when the 
field is applyied.  
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Applying a field the bead will rotate resulting in a small displacement of the 
bead. Since the permanent moments are randomly  orientated this small displacement 
will be different for all beads. 
One other factor which contributes to the randomness of the “jump” is the distance of 
the bead at the instant that the magnetic force is applied. When the field is off the 
distance of the bead to the anchor point is restricted by the tether length,        and 
when the field is on, the distance is             with ,                   . So if 
the bead in the instant that the magnetic field is switched on, is at a distance bigger 
than the             the bead is pulled to the region defined by             , 
resulting in a displacement. Since the position of the bead is arbitrary, this movement 
is also arbitrary.  The observed “jump” results from one of the two movements 
described or a conjugation of both movements. 
 In Figure 4-9 and Figure 4-10 we illustrate some bead excursions (   plots of 
the position over time of observation).  For each represented bead the    excursion is 
shown during forces (images on the left) and in the absence of force after the force has 
been applied (images on the right). An optical observation of the    excursion of the 
represented beads, over the different regimes, allows to a first observation of possible 
effects produced to the tether during the force regime represented, such as, the break 
of non-specific bond between the tether and the surface during the force regime. This 
case is different from the situation described in paragraph 4.1, since one of the ends is 
specifically attached to the surface, however the other parts of the DNA strand might 











Figure 4-9 –XY excursion of bead number 5, during applied magnetic force regime (left column) and in absence 
of magnetic field after the each force regime (right column). 
0.40 pN 













Figure 4-10 XY excursion of bead number 19, during applied magnetic force regime (left column) and in 
absence of magnetic field after the each force regime (right column). 
 
0.40 pN 








Examining the beads excursion we see that under force the  bead’s movement is 
restricted. This observation follows the theory, since when we apply the magnetic 
force, a restoring force, Fstring, pulls the bead in direction of the center of the 
   excursion. This force is proportional to the magnetic force which explains why the 
movement of the bead is more restricted for higher forces. During the force regime, 
this bead excursions don’t have an spherical symmetry but they recover the spherical 
symmetry after using the magnetic field. This asymmetry during the force regime, 
maybe due to the rotation of the bead due to its small permanent magnetic  moment, 
which leads to an asymmetry of the effective length the of tether  during the bead 
movement. 
In the absence of magnetic field, the bead movement presented in Figure 4-9 increases 
after applying force of 0.40 pN, it might be due to the break of non-specifically 
interaction of the DNA strand with the surface, or uncoiling of the DNA tether.        
Until now we consider the type of excursions of the bead based on symmetry 
and pattern. In the following paragraphs we will apply the quantitative methods to 
study the influence of magnetic force on its Brownian motion.  
 
4.2.2 Quantitative data analysis of movement 
 
Since we check the confinement of the beads which are tethered to the surface we will 
able to apply the method describe in chapter 3.2.8.  
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 1,32 pN















Figure 4-11- Time step-dependent MSD of a bead for each force (dots) and respective fitting (lines)  
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 0,25 pN : 





           R=322,9 ± 0,3 nm
0,40 pN : 





           R=236 ± 0,2 nm
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           R=163,0 ± 0,2 nm
 1,32 pN : 





























The MSD curves in Figure 4-11 – Figure 4.13 follow the theory of chapter 2.3.2 by 
showing the predicted plateau for the restricted movement of the beads. The 
differences between the maximum plateau in the curves corresponding to      (black 
dots) of the different figures, i.e., the maximum value of the plateau in Figure 4-11 is 
approximately a sixth of the value in the other figures, can be explained by the initial 
configuration of the DNA, for example, DNA looping or non specific binding of the DNA 
to the polystyrene surface. Yet the different responses to the same applied magnetic 
forces, for example in Figure 4-12 and Figure 4-1313, cannot be explained by the 
difference in the tether length. We attribute this differences to the differences of the 
individual beads, such as the permanent magnetic moment of the bead.  In  Figure 
4-1313, at          the method reached its limit for calculating the diffusion coefficient 
once the obtained value,              , five orders of magnitude higher than the 
theoretical value. However the experimental value of the maximum radius is accurate 
since the bead reached the plateau for this and the all the others cases.   
 In order to verify the result obtained from the fittings of the mean square 
displacements, one other method is applied. We plot the probability of finding the 
Figure 4-13 -Time step-dependent MSD of a bead for each force (dots) and respective fitting (lines)  
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bead at a certain distance of the anchor point of the tether,  . A script in MatLab was 
written to calculate the anchor point as the mean point of the    excursion and to 
calculate the probability of finding the bead at a certain distance,   , away from the 
anchor point.  The excursion radius was calculated according to       
    
 ,   
where            ,            and the calculated           is 
assumed to be the anchor point. Figure 4-14 shows a typical  2-dimentional calculated 
probability distributions of finding the tethered system at distance   and      :  



















Plotting the result from the corresponding fit into the probability graph we can 
compare both methods. This is possible because the values in the  -axis correspond to 
the distance from the mean anchor point to the instantaneous bead’s position. The 
maximum distance,     achieved is then the maximum radius of the    distribution, . 
Plotting the point which corresponds to the  , from the fitting of the MSD, into the 
probability plots, is shown in  Figure 4-15, 
Figure 4-14-Experimentally observed probability distribution function of the bead 























The correspondence between the maximum radius (red cross in Figure 4-15) and the 
maximum δr (maximum distance in which the bead is found, Figure 4-15) match very 
well, since both values are in the same range, however exist a small variation between 
this two values. This difference is due to the approximation of the fit of the mean 
displacement, as we can see in Figure 4-11 and Figure 4-13, exists a small deviation 
between the fitting curve and the variations of the data. Another factor of error may 
be due to the calculation of the mean point, this is a mean value of all recorded 
positions, and may not be the exactly anchor point. As consequence this leads to 
overestimation of the maximum distance in the probability plots.   
    
4.2.3 Force versus displacement 
 
As explained  in chapter 2, the maximum expected range of the beads displacement is 
given by equation 2.6. In the absence of magnetic force this equation is not valid since 
it goes to infinity. But in the absence of a magnetic force, gravitational  force plays an 
Figure 4-15- Probability distribution function of a tether bead under  a magnetic force of 





important role. In fact we have seen that in the absence of magnetic force, the bead 
travels from the top to the bottom of the sample as described in the incubation step. 
Besides, if  the gravity force is not able to pull beads downwards, beads should stay 
near the top surface of the fluid cell, floating . In order to complete the equation a 
supplementary force,  , is introduced to the equation 2.6: 
      
    
      
                                                                      
with          and        
where   is the sum of the resulting forces acting on the bead in the absence of an  
external magnetic field, such as the gravity force and bead-surface interaction forces. 
The value of    should be of the same order of magnitude as the gravity force or less.  
The next plot show the dependency of the maximum excursion radius with the 
magnetic force, and fit with the next relation: 
   
 
     
                                                                    











Figure 4-16-Displacement variation for forces between 0.18 pN-1.32pN . The color symbols  are the displacements 
of different beads for each force (x axes) and the pink triangles are the mean of all bead’s displacements for each 
force. The red line is the fitting of the mean values. 
 




































The results follow the predicted theory that the range should decrease with the    . 
It is observed that the maximum radius displacement of the majority of the beads is 
similar to each other, although variations for different beads. This differences may be 
due to the fact that joint nods occur in the DNA spring, and the energy necessary to 
break this joints is larger than the energy given by the magnetic force. As a result the 
effective tether length is shorter than the initial        . At 0.40 pN and higher, the 
variations between the range of the different beads became smaller indicating that the 
stretch force may reduce the non-specific interactions DNA-DNA (loop and nods 
formation [11]) and also the non specifically bound DNA-surface. Despite this, one of 
the beads shows an outlier which does not fit in this explanation.  
As in theory the value of   should be near to    and in this case is in the order of 











A different case appears when the initial maximum radius at zero force are taken in 
consideration. Now   is no longer of the same order of magnitude as the gravity force 
but higher,              . The maximum radius displacement at zero magnetic 
force, calculated from the fit values (Figure 4-17) using equation 4.2 is            
(the error results from the maximum standard deviation of the experimental data in 















P=214,4  24,8 nmpN


















Figure 4-17- Displacement variation for forces between 0 pN-1.32 pN. The color symbols  are the 
displacement of the different beads for each for force (x axes) and the pink triangles  are the 
mean of all bead’s displacement for each force. The red line is the fitting of the mean values. 
P=214.4 ± 24.8 nm.pN 
F=0.092 ± 0.045 pN 
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relation to the mean). However this value is bigger than the expected theoretical value 
of R=        using equation 4.2 with F=0.092 pN and              . Although 
the theoretical value of the excursion radius cannot be achieved because the end-to-
end distance of the DNA chain is shorter than it’s contour length (the end-to-end 
distance will only be equal to the contour length at stretch forces       , see Figure 
2-7). In this case, the tether length calculated from the fit of Figure 4-17 would be 
              which is about    times the size of the tether length. The 
restricted diffusion method allowed us to determine maximum radius of displacement 
and verify the dependency of the maximum radius with the magnetic force and the 
diffusion coefficient of the bead, however is inadequate to determine the DNA tether 
proprieties. 
 Above we introduced the probability distribution of the distance,  , which we 
used to verify the maximum radius of displacement,  , of the tethered system 
obtained from the fit of the MSD plots. Using a Rayleigh distribution, which general 
probability density function is given by: 






   
 
                                                                       
where   is the mode of the variable  , with             we fit the probability 
plots. In order to do this we assume that     
       , where      is the 
expected in plane projection of the distance between the anchor point and the bead 
center. From paragraph 2.3.2, with      , the expected in plane displacement is  
   
                                                                  
However this result will not be an exact determination of   , but will allow to verify 
the dependency of the    and the spring constant of the DNA tether with the 
magnetic force, once according to [11], the distribution probability of    is not a 
Gaussian distribution, the value corresponding to the maximum expected radius is 
shifted to the left from the           obtained from the fit to the probability 
distribution. Since the work of [11] was done under zero stretching force it will be 
interesting to see how well the Rayleigh distribution fit to the     under force regime. 
Figure 4-18 shows the probability distribution of one bead for the different magnetic 
forces and its respective fit in   using equation 4.5;  
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The probability density distributions are becoming more narrow with the increase of 
the magnetic force resulting in higher peaks, on the other hand. The parameter   gives 
the projected radial distance with the higher observed probability and it is decreasing 
with the increase of the magnetic force. This is in agreement with the theory since the 
expected radius must decrease by the factor      , which was also observed when 
we used the restricted diffusion mode. The maximum radius of excursion  found for 
the represented bead in Figure 4-18 was         (black dots). Figure 4-19 is a plot of 
the   for all the beads as a function of the applied magnetic force. In the same figure 
the fit of the probability density of Figure 4-18 is presented as a full line. The fit was 
performed using the relation 
       
 
     
                                                          
where        . Note that now the value   is the sum of the radius of the bead 
(     ) and the tether length. 
  























  =332,0 5,8 nm
 0,18 pN
  =254,7 3,7 nm
 0,25 pN
  =113,7 0,8 nm
 0,40 pN
  =79,8 1,1 nm
 0,71pN
  =52,9 0,7 nm
 1,32pN








Figure 4-18 – Probability distribuiton of a 500 nm tethered bead with tether length, 
         , over diferent magnetic forces (color dots). The colored lines represents a 
single parameter fit done to the experimental data using the Rayleigh distribution in  , 













These experimental data  follows the same trend as the one plotted in Figure 4-17, 
although the maximum projected radius achieved is approximately half of the 
maximum value obtained for  . The value of the resulting force,          is of the 
same order of magnitude as the value obtained for   in Figure 4-17. Calculating the 




        , value to be compared with the theoretical value, calculated using relation 
4.5,                . This difference between the experimental and theoretical 
expected radius of excursion is a consequence of the end-to-end distance of the DNA 
molecule not being equal to its contour length, since the forces are not capable of 
stretching completely the DNA. At the force of          the DNA tether length is less 
than      (see Figure 2-7). Estimating the effective size of the tether length at zero 
force, using the relation         ,  we get for       , the experimental tether length 
when the  projected radius is      ,                              . Notice 
that   now comes as the sum of the tether length and the radius of the bead. This is a 
consequence of the excluded volume effects of the bead. Using the experimental 
values       and       , and rewriting relation 4.7, the persistent length is given by 
Figure 4-19-Variation of the fit parameter,    with the applied magnetic force for all the 
beads and fit using equition 4.1 with       . 




















       
     
 
          
           , which is near to       persistence length from 
bibliography [11]. The table of the experimental parameters, calculated for the 











Increasing of stretch force leads to a decrease of the projected radius as was already 
verified, but  he magnetic force also decreases the persistence length of the chain,  
leading to the DNA molecule to became more stiffer, i.e., the spring constant increase 
with the applied magnetic force, as been predicted by the theory of chapter 2, 









      
   
      
   
           
   
       
   
  
      ) 
0 270.14 1134.57 43.42 0.06 
0.18 136.98 1134.57 11.16 0.25 
0.25 122.68 1134.57 8.96 0.31 
0.40 100.35 1134.57 5.99 0.43 
0.71 77.84 1134.57 3.61 0.76 
1.32 58.07 1134.57 2.01 1.37 
 Table 4-1-Table of values of the experimental parameters calculated from the fit of 
Figure 4-19. 
 































Figure 4-20- Experimental variation of the spring constant with the magnetic force. 
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From where we can write a more general form, as                   
with                       for the tethered system in study. 
 The data acquired in the absence of magnetic force are shown in Figure 4-21. 
The maximum radius displacement in one bead shows an increase between forces of 
0-0.39 pN which reflects uncoiling of the DNA at the specifics forces, or any unbinding 
of other non-specific DNA interaction (black dots). A clear case of non-specific 
interaction is registed in  point of 0.39 pN more precisely to the bead represented by 
the red dots, once the maximum radius of excursion decreases it value from 400 nm to 
10 nm. The beads decrease its range after applying forces when compared with the 
value at zero force, however after this fast decrease, after using the force of 0.39 pN, 
the in three of bead’s excursion radius approximate to a decreasing slope with the 
magnetic force. This observation may lead us to the assumption that the 
demagnetization of the magnet didn’t occur as expected when the magnetic field  is 
switched off, which can be associate with a reminiscent magnetic field of the magnet. 
The behavior of the bead corresponding to the pink triangles decreases significantly 
after using the higher forces. What might explain this behavior is the curling of the 













Figure 4-21- Maximum displacement of beads in the period of absence of force after 
using the represented forces (maximum radius displacement, obtained from the fit 
to the MSD of the represented beads). 
 


















































4.2.4 Variation of Experimental Diffusion coefficient with force 
 One interesting value obtained from the MSD plots is the diffusion coefficient, 
 . Looking again at Figure 4-11 and Figure 4-1313, two results are evident; first, the 
theoretical value of the diffusion coefficient of a free bead 
(                        from the surface) is never achieved; second  the 
calculated diffusion coefficient decreases with the increase of the magnetic force (see 
Figure 4-22.a).  Both results were expected since, due to the proximity of bead to the 
surface, the effective viscosity is larger than the bulk viscosity leading to a slower 
diffusion and, also, the beads are not free bead, but tethered with a DNA tether, which 
bends and resists the movement of the bead. This two zero field contributions are 
more visible in the absence of magnetic force, Figure 4-22.b.  However as seen in the 
Table 4-1,  the spring constant increases linearly with the magnetic force. This explains 
why the calculated diffusion coefficient is decreasing with the increase of the applied 
force, once the resistance applied on the bead, by the tether, is directly proportional 
to the increase of the applied force. As consequence this leads to a higher resistance 
offered by the DNA tether to the bead movements (during the force regime, Figure 
4-22.a) and subsequently decreasing the diffusion coefficient of the bead.  
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Figure 4-22- Experimental diffusion coefficients obtained from the fit to the MSD plots of the 





4.2.5 Determination of the spring constant 
 
 To verify the results previously obtained the spring constant was calculated 
using the method  of reference [23]. 
 As described in Chapter 2, the tether system can be considered behaving as an 
harmonic oscillator,            , the restoring force,        , being proportional to 
the spring constant, k, and to the displacement,  .  




   ) is given by: 




    
                                                                          
where      is probability of the tether system being at a certain energy state,   is the 
spring constant,   is the projected displacement in the plane and   is a normalizing 
factor. Applying the natural logarithm to the relation 4.9, 




    
    
                                                              
Computing the logarithm of the histogram of the x and y distributions we obtain the 
energy distributions of the system. The spring constant can then be extracted from a 
quadratic fit to the energy profile, by using 
        
where   is the coefficient of   obtained with the quadratic fit. 






















































Figure 4-23 Energy profile of the tethered system under diferent magnetic forces (symbols) The quadratic fit to 
the to the experimental measured histograms (lines). 
 (a) Energy profiles derived from the x displacements histogram. From the quadratic fits, at diferent forces we 
obtain: 
              
                    
                      
                     
   
                
                    
      
(b) Energy profiles derived from the y displacement histogram. From the quadratic fits, at diferent forces we 
obtain: 
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With the increasing of the applied magnetic force the energy distributions are 
decreasing and becoming more narrow. On the other hand the increasing of the 
magnetic force increases the spring constant. This is in agreement with the theoretical 
prediction that the necessary force to move the bead/tether system, away from the 
central position, by   , must increase when the applied magnetic field increases. On 
the other hand, once the force resulting from Brownian motion is constant over the 
experiments,    is decreasing with the increase of the magnetic force, so then   must 
increase (see relation 2.3 and 2.6).  













The theory in chapter 2.1 shows that the spring constant is related with the magnetic 
force by,        where   is contour length, a fact already observed in paragraph 
4.2.3. Re-rewriting this relation as          
  
 
 , we fit it to the calculated spring 
constant for magnetic forces, shown in Figure 4-25 (in order to do the linear fit, the 






Figure 4-24  Spring constant calculated from the fit for  (a)- Spring constans regarding to the x 
displacements .  (b) Spring constans regarding to the y displacements. 























































































Using relation 2.19 with a contour length of 1472 nm  and a persistence length of 45 
nm we estimate the value of                 (at      ). From the fit made to the 
experimental data the spring constant comes, at zero force, 
                     in the x axes  and                       in the y 
axis. Both values are below the theoretical value, but nearly to the value found in the 
previous paragraph. The large fluctuations found in the both axis at the higher force, 
are related with the asymmetry of the energy profile, which is related with asymmetry 
of the bead movement in the y-axis. 



























































A=0.066  0.053 pN/m  
B=1.04  0.37m 
-1
Magnetic force, pN
Figure 4-25- Variation of the spring constant with force regarding to the x-axes (top) and 
y-axis (bottom) . Experimental data is represented by the dots, and the linear fit by the 
red line.  
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 The aim of the presented project is to investigate the influence of the magnetic 
force on the Brownian motion of tethered particles using a simple particle tracking 
technique.  
 The project started by working on a procedure which allows us to obtain a 
control sample with the minimum of beads bound to the surface. By differentiating the 
blank surface from a functionalized surface we were able, first,  to distinguish the 
types of x-y excursions dominant for both samples. The x-y excursions in the case of 
non-specific binding are irregular, corresponding to  free diffusion in some cases, or 
describing a very restricted x-y movement with one or two pixels in diameter for 
experiments in the absence of force, in other cases. But some of these observations 
showing a highly restricted excursion can also be attributed to attachment with 
multiple tethers. However is not possible to differentiate a highly restricted non-
specific bound bead from a multi tethered bead. The size of the excursion, allows us to 
select the possible candidate beads for study. Sometimes during selection of beads, 
the  x-y excursion was large in amplitude but the shape of the x-y excursion was not 
symmetric.  Another important parameter is associated with the shape of the 
restricted x-y excursion. A bead which is doubly tethered to the surface describes a 
different shape from one which is single tethered. The x-y excursion of a single tether 
bead  has a circular shape.   
Symmetry and size of the excursion, are the qualitative criteria taken into account to 
initiate the analysis of the data. 
The quantitative methods of analysis were based on the MSD plots and the probability 
plots. The probability plots in a first approach allow us to verify the calculated 
maximum radius displacement from the fitting of the MSD plots finding only small 
differences between the two methods. 
 The motion of the tethered system bead-DNA in the presence of a magnetic 
field showed to be proportional to        , as it was predicted by the theory. In the 
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absence of the magnetic force acting on the beads, the tethered particle motion is only 
restricted by the DNA tether length and by the internal forces of the system which are 
in the order of 64 fN. The method of  fitting the MSD did not allowed an accurate 
calculation of the tether length, once the predicted length calculated by this method, 
was about 7 times higher than the real value of the DNA tether. This inaccuracy, 
however was already expected since the radius value of the xy-displacement obtained 
from the fit of the MSD is the maximum radius of the movement of the projected  
bead  center and not the expected radial distance. With the approximation done to the 
probability distribution using a Rayleigh distribution, we were able to determinate the 
radial distance with  a higher probability of finding the bead at a certain distance from 
the center in the xy-displacement. By doing this, we were able not only to verify the 
dependency of the Brownian motion described by the bead with the applied magnetic 
force, but also to verify the dependency of the spring constant of the DNA with the 
magnetic force. This result is in agreement with the theory indicating the existence of a 
direct relation between the spring constant and applied magnetic force meaning that 
the stiffness of the tether must increase with the applied force. The tether length 
determinate by this method was small when compared with the theoretical value, of 
1472 nm. However this method is an improvement, in relation to the mean square 
displacement, for determination of the DNA proprieties. 
The future path to follow will be to do a calibration of the movement of the tethered 
particle relating the different tether lengths with the amplitude of the bead 
movement. In this case more beads should be used in the bead-surface incubation in 
order to improve the statistics of the analysis. Knowing the exact relation between the 
movement of the tethered particle and its tether length, it will be possible to 
determinate the force that is acting on a particle. 
 Due to technical limitations such as  imaging recording, analysis process, and magnetic 
system the work performed in this research, has no direct application in this sensing. 
However, If it would be possible to build a small image detector with enough accuracy 
and a image processor capable of tracking a small superparamagnetic bead, then the 
DNA tether-bead could be used as a functional label of an antibody in order to detect a 
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specific biomarker. The biosensor as a small built-in magnet capable of applying 
specific forces into the complex surface antibody-biomarker-labeled antibody. The  
image setup selects the number of particles describing the movement related to the 
specific bound tethered particle. The specific force capable of dissociate the complex is 
applied (this force is based in the previous studies in the bond rupture experiments of 
the complex). The image setup and analysis counts the number of the specific bounds, 
selected previously, which were broken given a count of the number of biomarkers 
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Appendix A- Protocols for bead-tether preparations  
 
Objective: Binding Streptavidin-HRP to 500nm carboxylic beads. In order to bind the biotin 
present in the DNA string is necessary to functionalize the bead’s surface with Streptavidin.  
 
Material  
 Eppendorf test tubes with an lower protein binding 
 Pipettes  
Volumes: 
2-20  µL; 
20-200 µL; 
200-2000 µL;  
 VWR – Mini vortexer ; 
 Magnet; 
 Glass cup ( goblet); 
 500nm Beads; 
 Bead wash buffer; 
 Streptavidin-HRP (1 µL / µL); 
 Solution of 25 mM MES pH 5; 
 Ethanolamine, pH 8.  
 
Solution of MES 600 mM pH 5 
   
 Dilute 2.3424 g of MES powder in 10 mL of demineralized water. Set the pH to 5. Make 




 EDC:  3.0mg of EDC in 50µL of MES 25 mM 




Washing the beads: 
 Note: Beads are stored in  buffer which contains sodium-azid. This buffer can be 
harmful to later experiments, since the azide component inhibits the HRP luminescence 
reaction 
1. Shake the manufacturer’s bottle that contains the beads.  
2. Take 30 µL solution of beads from the manufacturer storage. 
3. Add 100 µL of 25 mM MES buffer of pH 5. 
4. Hold magnet near to one of walls of the tube and pipette the fluid out ( save this fluid 
in trash tube because the sodium-azid is toxic). 




Activation and binding reactions 
6. After the last wash add 25 µL EDC  and 25 µL NHS solution to the beads. Vortex for 45 
min at room temperature. 
7. Meanwhile in a low binding Eppendorf put 20 µL of Streptavidin, 30 µL of 
demineralized water and 10 µL of 600 mM of MES buffer (this high concentration of 
MES  is in order to keep the coupling buffer(MES) with final concentration of 100 mM). 
8. Remove the beads from the activation buffer (by pipetting the fluid out). 
9. Add 30 µL of the solution prepared in 7 to the beads.  
10. Incubate while shaking for 2 hours at room temperature. 
11. Remove the coupling buffer. 
12. Add 60 µL of ethanolamine to the beads. Vortex for 45 min. 
13. Wash the beads with 100 µL bead wash buffer (4 times). Suspend in 30 µL of bead was 
buffer.  
14. Keep it in the fridge at 4ºC. 
 
( NOTE: this procedure was made in total for 60 µL of beads, using 2 different tubes 
(30 µL each) . All the steps were made for both tubes at the same time, only with the 
exception of step 7, where the coupling solution was made for using in both (is only 
necessary 30 µL coupling solution in each tube)).  
 
 
Objectives: Using the restriction enzymes Hind III and EcoRI we cut the original DNA in 2 
strings of DNA with different lengths (with sticky ends). Using a mini-column the two strings of 
DNA are separated in order to obtain the longer DNA. 
Material: 
              Pipette from brand Transferpette: 
  Volumes: 
 2-20  µL; 
 20-200 µL; 
 200-2000 µL;  
 Tips for pipettes: DNA tips; 
 VWR – Mini vortexer ; 
 Eppendorf tubes with  low- bind (1.5mL); 





1. Mixture the next  reagents in the specific volumes and order: 
 Water  = 58µL; 
 10X Buffer = 10 µL; 
 DNA  = 17 µL; 
 E COR I =5 µL; 
 HIND III = 5 µL. 
 Total volume on the initial solution is 95 µL. 
2. Shake by hand for some seconds  and put in water bath at temperature of 37ºC . 
3. Wait for half an hour and then let it cool down to room temperature. 
Clean up: 
1. Mix the resin thoroughly (on the manufacture bottle). 
2. In two eppendorf test tube put 1 mL of resin in each. 
3. Put the tube in water bath at 37ºc for 10 minutes. 
4. Wait for the resin cold down to 25º - 30ºC. 
5. Put 47 µL in one of the two eppendorf tubes and 48 µL in the other tube eppendorf 
tube with the resin. 
6. Mix by inversion. 
7. Remove and set aside the plunge from the 3 mL syringe.  
8. Put the tip, with the filter, in one empty eppendorf test tube. Plug the syringe without 
the embolus .  
9. Pipette the solution from the last mixture into the syringe barrel. 
10. Insert the syringe embolus and gently push the embolus. Make it in an way of getting 
drop by drop until finish; 
11. Remove the plunge. Remove the embolus. Insert the plunge again in the syringe and 
use an new Eppendorf tube. Pipette the remain solution in the last tube to the syringe 
barrel. Repeat step 10. 
12. Detach the tip and save it in a Eppendorf tube. Remove tip from the syringe. 
13. Reattach the tip(with the filter) to the syringe . 
14. Pipette 2 ml of 80% isopropanol into the syringe, and repeat step 10; 
15. Remove the tip from the syringe and in a new Eppendorf tube and add 20 µL of demi 
water in the tip and vortex for 2 minutes.  








Objective:  Bind the linkers to the DNA to make possible the bindings between the bead-DNA-
Surface. The linkers are the Adapter Hind III which connects to the end cut by the restriction 
enzyme Hind III and Adapter EcoR I which binds to the respective DNA’s end. Both links are 
connect to the DNA using ligase (T4).  
Material : 
 Pipette from brand Transferpette: 
  Volumes: 
 2-20  µL; 
 20-200 µL; 
 200-2000 µL;  
 Tips for pipettes: DNA tips; 
VWR – Mini vortexer ; 




1. In a low binding Eppendorf, add the solutions in the amount and  order as they appear 
in the table: 
 65 µL of H20 from the manufacture 
 20 µL of buffer 
 10 µL of DNA  ( already cut DNA) 
 5 µL  of Adapter Hind III  
 5 µL of  Adapter EcoRI 
 5 µL of Ligase (T4) 
2. Shake vortex for 5 -10 seconds. 
3. Keep the solution quiet in room temperature for 4 hours. 










 Simulates a 2 dimension random walk of a free bead with the diameter of 500 nm in 
water . The script calculates the diffusion coefficient due to thermal energy and 
calculates the maximum displacement in strait line 
 
clear all; 
temperature = (273.15 + 25); %k 
radius=250E-9;     % [nm] 
kB=1.3806503e-23;   %J/K 
viscosity=1.0030e-3;  %Pa*s 
D=((kB*temperature)/(6*pi*radius*viscosity))*1e18;% [nm2/s] 
dt=1/30;%time step 





     
    x(i)=x(i-1)+dxy*cos((rd_nbr(i-1))*2*pi); 
    y(i)=y(i-1)+dxy*sin((rd_nbr(i-1))*2*pi); 
     
end 
plot(x(:),y(:))  





 Calculates Mean square displacement from the x-y tables obtained from the tracking 









filenametocheck = strcat((''),name,'',num2str(filenumber),'.txt'); 
maxframe=0; %higher value of frame 
if exist('msd_graphs','dir')==0 
    mkdir('msd_tables'); 





tablesdirec = strcat((''),pathname,'msd_tables\'); 
graphdirec = strcat((''),pathname,'msd_graphs\'); 
  
while out==0 
    %number of files equals number of beads to analize 
    while exist (filenametocheck, 'file')== 2  %until the files exist, it runs  
     
        frames=0; 
        
        %   count the number of rows\frames 
        matrix=load (filenametocheck); 
        [frames,m]=size(matrix); 
        
         
        timeinterval = 100; 
        if (frames >= timeinterval)%check if there is an minimal number of data 
            %check if the last row corresponds to the loose of the bead(Pim's 
software puts 0 0 when its stop tracking the bead) 
            if (matrix(frames,1)== 0.0000 && matrix(frames,2)==0.0000) 
                frames = frames-1;         
            end 
  
            %fill the first column from 1 to 100*timeframe  
            if timeaxis==0 
                frametime=matrix(2,4) - matrix(1,4);%calculate the time of one frame 
                for i=1:timeinterval                 
                    MSD(i,1)=i*frametime; 
                    squaredisp(i,1)=i*frametime; 
                    MSDall(i,1)=i*frametime; 
                end 
                timeaxis=1; 
            end 
             
            for j = 1:timeinterval; 
  
                for n = 2:frames-j;%changeded for the experiments with 
force..inicitiate in the 2nd frame 
  
                    % displacement squared for one bead at time 
                    %convertion to [nm]: 1 pixel=96nm @ magnification of 1260x 
                    squaredisp(n,2) = (matrix(n+j,1)*96-matrix(n,1)*96)^2 + 
(matrix(n+j,2)*96-matrix(n,2)*96)^2; 
               
                end 
         
                %Mean Square Displacement 
         
                MSD(j,2) = sum(squaredisp(:,2))/(frames-j); 
            end  
            clear matrix;      




     
            plot(MSD(:,1),MSD(:,2)) 
                ylabel('MSD (nm^2)') 
                xlabel('Dt(s)') 
                title('MSD'); 
              saveas(gcf,[graphdirec name 'MSD_of_bead_' num2str(filenumber) '.tif']) 
  
            MSDall(:,filenumber+1)=MSD(:,2); 
        
             
        else% fill the table positions with zeros 
            for i=1:timeinterval 
                MSDall(i,filenumber+1)=0; 
            end 
            overflow=overflow+1; 
        end  
        %update the new filename  
        filenumber=filenumber+1;     
        filenametocheck = strcat((''),name,'',num2str(filenumber),'.txt'); 
         
    end 
  
    if drun==1 
        out=1;%marks the end of the drift correction tables: it’s only for control 
    end  
     
    dlmwrite([tablesdirec name  'MSD of all beads' 
'.txt'],MSDall,'precision','%.5f','delimiter','\t' ) 
    fprintf('\n Finnished %s with %.0f overflows)\n \n', name, overflow); 
 
    %to run directtly bead_drift 
  
    if drun==0 
        filenumber=1; 
        drun=1;%marks the begining of the the drift 
        overflow=0; 
        name=strcat(('Bead_drift'),'',name(9:max(size(name)))); 
        filenametocheck = strcat((''),name,'',num2str(filenumber),'.txt'); 










 Calculates the probability distribution of the position displacements of the bead in 













maxframe=0; %initiate the frame number 
  
mkdir('pdis_tables'); 
tablesdirec = strcat((''),pathname,'pdis_tables\'); 
  
filenametoload = strcat((''),name,'',num2str(filenumber),'.txt'); 
  
while exist (filenametoload, 'file')== 2 
     
    matrixposition = load (filenametoload); 
    [n,m]=size(matrixposition); 
    xmean = mean(matrixposition(:,2)); 
    ymean = mean(matrixposition(:,1)); 
  
    for i=1:n 
    
        sqdisp(i,1)= ((matrixposition(i,2)-xmean)*96)^2 + ((matrixposition(i,1)-
ymean)*96)^2; 
        sqdisp(i,1)=sqrt(sqdisp(i,1)); 
    end 
  
    maxvalue=max(sqdisp(:,1)); 
    x = 0:binsize:maxvalue+10;%controls the size of each bin 
    y = sqdisp(:,1); 
    [n_ele,bin] = histc(y,x);%gets the count of points per bin 
    
    x=x';%transpose the matrix x 
    [xlines,xcolumm]=size(x);     
    
    x_mean=mean(sqdisp(:,1));%calculates de mean value of the distribution 
    x_std=std(sqdisp(:,1));%calculates de standart deviation  
    x_median=median(sqdisp(:,1)); 
     
   for i=1:size(x) 
        pdis(i,1)=x(i,1); 
        pdis(i,2)=(n_ele(i,1)/n/binsize);%probability of each displament 
         
   end 
      
    pdis(1,3)=x_mean; 
    pdis(1,4)=x_std; 
    
    dlmwrite([tablesdirec pathname(50:max(size(pathname))-19) name 
num2str(filenumber) '_Pdis' '.txt'],pdis,'precision','%.5f','delimiter','\t' ) 
    plot(pdis(:,1),pdis(:,2)) 
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                ylabel('P(delta),nm^-1') 
                xlabel('delta,nm') 
                 
    saveas(gcf,[[tablesdirec pathname(50:max(size(pathname))-19) name 
num2str(filenumber)] '.tif']) 
     
     %update the new filename  
    filenumber=filenumber+1;     
    filenametoload = strcat((''),name,'',num2str(filenumber),'.txt'); 
         
end 
 
 
 
